ABSTRACT SONYC -Substellar Objects in Nearby Young Clusters -is a program to investigate the frequency and properties of young substellar objects with masses down to a few times that of Jupiter. Here we present a census of very low mass objects in the ∼ 1 Myr old cluster NGC1333. We analyze nearinfrared spectra taken with FMOS/Subaru for 100 candidates from our deep, wide-field survey and find 10 new likely brown dwarfs with spectral types of M6 or later. Among them, there are three with M9 and one with early L spectral type, corresponding to masses of 0.006 to 0.02 M ⊙ , so far the lowest mass objects identified in this cluster. The combination of survey depth, spatial coverage, and extensive spectroscopic follow-up makes NGC1333 one of the most comprehensively surveyed clusters for substellar objects. In total, there are now 51 objects with spectral type M5 or later and/or effective temperature of 3200 K or cooler identified in NGC1333; 30-40 of them are likely to be substellar. NGC1333 harbours about half as many brown dwarfs as stars, which is significantly more than in other well-studied star forming regions, thus raising the possibility of environmental differences in the formation of substellar objects. The brown dwarfs in NGC1333 are spatially strongly clustered within a radius of ∼ 1 pc, mirroring the distribution of the stars. The disk fraction in the substellar regime is < 66%, lower than for the total population (83%) but comparable to the brown dwarf disk fraction in other 2-3 Myr old regions.
INTRODUCTION
Brown dwarfs are objects with masses too low to sustain stable hydrogen burning (M < 0.08 M ⊙ ) and as such intermediate in mass between low-mass stars and giant planets (Oppenheimer et al. 2000) . The substellar mass regime is crucial to test how the physics of the formation and early evolution of stars depends on object mass, thus may help address some of the most relevant issues in this field. One example is the origin of the initial mass function (IMF) and the relative importance of dynamical interactions, fragmentation, and accretion in setting the mass of objects (Bonnell et al. 2007) .
Surveys in star forming regions indicate that the mass regime of free-floating brown dwarfs extends down to masses below the Deuterium burning limit at 0.015 M ⊙ (e.g. Zapatero Osorio et al. 2000; Lucas & Roche 2000) , i.e. it is overlapping with the domain of massive planets. The currently available surveys, however, are not complete in the substellar regime. Only small regions have been observed with sufficient depth to detect the lowestmass brown dwarfs. Moreover, in many cases the brown dwarf candidates are selected based on their mid-infrared excess and the presence of disks (e.g. Allers et al. 2006) , which introduces an obvious bias. In other cases, the presence of methane absorption is used to identify objects (e.g. Burgess et al. 2009 ), which only finds T dwarfs in a limited temperature regime.
In the SONYC project (short for: Substellar Objects in Nearby Young Clusters) we aim for a more complete census of brown dwarfs in star forming regions. For a number of regions, we have carried out deep photometric surveys in the optical and near-infrared, to facilitate a primary candidate selection based on photospheric colours. This is complemented by Spitzer data to identify additional objects with disks. We have published the photometric survey as well as follow-up spectroscopy for three regions so far: NGC1333 (Scholz et al. 2009a) , ρ Oph , and Chamaeleon-I (Mužić et al. 2011) . A fourth paper with additional spectroscopy in ρ Oph is submitted (Muzic et al.) . Based on these results, the largest population of brown dwarfs is found in NGC1333, a very young (∼ 1 Myr old) cluster in the Perseus OB2 association at a distance of ∼ 300 pc (Lada et al. 1996; de Zeeuw et al. 1999; Belikov et al. 2002) . Fig. 1 shows a deep optical image of the cluster NGC1333 with some of the relevant features marked.
Here we present new follow-up spectroscopy in NGC1333 for a large sample of additional candidates from our photometric survey (Sect. 2) and identify 10 new, previously unknown very low mass members (Sect. 3). Combining these with the known members yields 51 objects with spectral type ≥M5 in this cluster. In Sect. 4 we analyse the brown dwarf census for NGC1333, including the mass function, the spatial distribution and the disk properties. The conclusions are given in Sect. 5. Throughout this paper, we make use of a large number of different samples for objects in the area of NGC1333. In Table 1 we provide an overview of the most important Objects observed with FMOS (Sect. 3) 100 excluded as very low mass sources 63 confirmed as young very low mass sources (YVLM) 26 newly identified 10 Objects with spectral type >M5 (Sect. 4) 51 identified in this paper 10 identified in Scholz et al. (2009a) -Subaru/Suprime-Cam i-band image for our target region NGC1333 in the Perseus star forming region. Marked are the cluster radius with a large dashed circle, the two well-known objects BD+30 549 (north) and HH 7-11 (south) with small ellipses, and the population of very low mass members (see this paper, Tables 2 and 4) with small circles. The reflection nebula NGC1333 is slightly north of the image center. Coordinates are J2000. For more information on this image, see Scholz et al. (2009a) .
samples and link them to the corresponding sections of the paper.
OBSERVATIONS AND DATA REDUCTION
Our spectra were obtained with the Fiber Multi Objects Spectrograph (FMOS) at the Subaru Telescope (Kimura et al. 2010 ) on the night of 2010 November 27. Four-hundred fibers, each of 1.2" diameter are configured by the fiber positioner system of FMOS in the 30' diameter field of view, with an accuracy of 0.2" rms. The patrol radius of each spine is 87", while the minimum spacing between two neighboring spines is 12".
The spectra are extracted by the two spectrographs (IRS1 and IRS2). Our data were obtained in sharedrisk mode, using only one of the spectrographs (IRS1, 200 fibers). IRS1 is equipped with a 2048 × 2048 pixel HAWAII-II HgCdTe detector, and a mask mirror for OH airglow supression. With the low-resolution mode (R ∼ 600) the spectrograph yields a coverage from 0.9 to 1.8 µm (J-and H-bands). We obtained 10 exposures with 15 min on-source time each.
The observations were carried out in the Normal Beam Switching (NBS) mode, i.e. the same amount of time was spent to observe the sky, which is achieved by offseting the telescope by 10-15". The seeing during the science observations was stable at ∼ 1". Since no stars suitable for telluric correction are found within our science fieldof-view, we observed several standard star fields, covering the range of airmasses at which the science target was observed (airmass between 1-2). The observed standard stars have spectral types in the range F4 -G5.
Data reduction was carried out using the data reduction package supplied by the Subaru staff. The package consists of IRAF tasks and C programs using the CFIT-SIO library. The data reduction package contains the tasks for standard reduction of NIR spectra, performing sky subtraction, bad-pixel and flat-field correction, wavelength calibration, flux calibration and telluric correction. In this last step, each 15-minute exposure was calibrated using a standard star at the appropriate airmass. Finally, the ten individual exposures were averaged. For the analysis (Sect. 3) the spectra were binned to a uniform wavelength interval of 5Å and smoothed with a small-scale median filter. For the reduced spectra, the signal-to-noise ratio in the H-band ranges from 10 to 70.
In total, we covered 100 targets, from which 71 are selected from our IZ candidate catalogue (Scholz et al. 2009a) . 10 additional targets have been selected by combining our JK-catalogue with the 'HREL' catalogue from the Spitzer 'Cores to Disk' (C2D) Legacy program (Evans et al. 2009 ). All 10 have colour-excess in IRAC bands and thus should have a disk (see Sect. 4.4) . 19 fibres were placed on known M-type members for reference (from Wilking et al. 2004; Greissl et al. 2007; Scholz et al. 2009a; Winston et al. 2009) .
To test for possible effects of imperfect calibration, we compared the H-band spectra for six objects observed with MOIRCS (Scholz et al. 2009a ) and with FMOS (this paper). For three of them there is excellent agreement (SONYC-NGC1333-1, 5, 8), while for the others there are slight differences in the spectral slope. Using the method outlined in Sect. 3.2, we measured the spectral types for the four out of six MOIRCS spectra which cover the entire H-band. All four give types that are later than those derived from FMOS, by 0.4, 1.3, 0.5, 0.7 subtypes, i.e. the differences are larger than our internal accuracy of 0.4 subtypes.
These discrepancies may indicate residual problems with the telluric calibration in the MOIRCS and/or the FMOS data. These problems could be induced by the use of multi-object facilities: Since we stay on the target field for long integration times and the fields themselves do not cover adequate telluric standards, there is a significant time and position offset between science targets and standards, i.e. the depth of the telluric bands could potentially be quite different between science and standard fields.
Stable conditions, as they were present for the FMOS observations, should mitigate this effect. The FMOS data also have the wider wavelength coverage, which facilitates the telluric correction and the spectral analysis. Therefore we put more trust in the quantities derived from FMOS spectra.
SPECTRAL ANALYSIS
3.1. Selection of young very low mass objects In total we obtained spectra for 100 objects with FMOS. Based on the broadband spectral shape in the near-infrared, young very low mass sources can be reliably separated from more massive stars. Objects with very low masses and thus effective temperature below ∼ 3500 K or spectral types of ∼M3 or later show broad absorption features of H 2 O, which distinguishes them clearly from the smooth near-infrared slopes of more massive and hotter stars (Cushing et al. 2005) . The depth of these absorption troughs is a strong function of effective temperature.
The most important spectral feature for our purposes is the H-band 'peak', formed by the two H 2 O absorption bands at 1.3-1.5 and 1.75-2.05 µm. The shape of this feature is gravity sensitive; while it appears round with a flat top in evolved field objects, it is triangular with a pronounced peak at 1.67 µm in young objects with ages of 100 Myr (Kirkpatrick et al. 2006; Brandeker et al. 2006; Bihain et al. 2010) . In addition, H 2 O absorption causes a sharp edge at 1.35 µm and another 'peak' in the K-band.
We use these features to identify young very low mass sources in the FMOS sample. We are looking for objects showing structure over the full spectral regime, as opposed to a smooth slope. In particular, we select objects with a) a pointy peak in the H-band and b) an absorption edge at 1.35 µm. Out of 100 FMOS spectra, 26 show these characteristics and are called YVLM sample (short for 'young very low mass') in the following. For 11 the spectra are too noisy to make a decision, and the remaining 63 do not show these features. These 63 objects for which we can exclude that they are very low mass sources are listed in Appendix A.
From the 19 literature sources, 16 are re-identified and are part of the YVLM sample. The other 3 have spectra that are too noisy to identify the features. The remaining 10 YVLM objects are newly confirmed very low mass members of NGC1333 and are listed in Table 2 . We use the nomenclature SONYC-NGC1333-X for these objects, where X is a running number. Since we have listed objects 1-28 in Scholz et al. (2009a) , we continue here with no. 29. Note that the list in Scholz et al. (2009a) contains some previously confirmed members. The spectra for the 10 new objects are shown in Fig. 2 . 7 of the new objects come from our IZ catalogue, the remaining 3 from the JK plus Spitzer list (SONYC-NGC1333-31, 32, 33) .
Many of our spectra show emission in Paschen β at 1.28 µm. If the emission originates from the source itself, it would be a clear indication for ongoing accretion (Natta et al. 2004) . However, this is difficult to tell with fibre spectroscopy; our spectra may be affected by emission from the cloud material in NGC1333. Still, it is Table 2 . The fluxes are on a relative scale with arbitrary offsets. The observed spectrum is shown in black, the best fitting DUSTY model slightly offset, with thin, dashed lines. We masked out the Paβ lines for clarity. The identification numbers SONYC-NGC1333-X are abbreviated with S-X. worth pointing out that the fraction of objects with Pa β emission is 50% in the YVLM sample and 32% among the remaining objects. This indicates that the other sources might contain a number of young stars in NGC1333 with temperatures > 3500 K.
In Fig.  3 we compare the FMOS spectra for two of our sources, both originally identified in Scholz et al. (2009a) , with spectra for young brown dwarfs from Muench et al. (2007, left panel) and old dwarfs with similar spectral types Burgasser & McElwain 2006, middle panel) . At late M spectral types, the more rounded peak of the old objects becomes visible (compare the young KPNO4 with the old LHS2924). However, for earlier types the difference between young and old is not significant. The plot also illustrates that sufficient signal-to-noise is required to distinguish between the two types of objects. Our spectra often do not have the necessary quality to make this decision. From these arguments it follows that contamination by late M-dwarfs in the field cannot completely be excluded. Given the compact nature of the NGC1333 cluster (see Sect. 4.3) and the low space densities of such objects (Caballero et al. 2008) , the contamination is considered to be negligible ( 1). Wilking et al. (2004, MBO) and the Spitzer survey by Gutermuth et al. (2008, Sp) Spectral classification for cool dwarfs in the nearinfrared relies mostly on the broad H 2 O absorption features mentioned above. A number of spectral indices has been suggested in the literature. Relevant for us are the indices that are calibrated for young brown dwarfs and thus take into account the fact that the absorption features are sensitive to gravity. Such indices have been proposed by Wilking et al. (2004) , Allers et al. (2007) , and Weights et al. (2009) . We find, however, that these schemes are of limited use for our low-resolution and (mostly) low signal-to-noise spectra, mainly because the wavelength offset between the two intervals from which the index is derived is relatively small, e.g. 0.058 µm for the H 2 O index (Allers et al. 2007) or 0.103 µm for the WH index (Weights et al. 2009 ).
Spectral types
For our purposes we require a flux ratio that maximises the contrast between the numerator and the denominator. This is achieved by using the flux ratio between 1.675-1.685 µm and 1.495-1.505 µm. The first interval is chosen because it corresponds to the position of the Hband peak for young objects with M6-M9 spectral type. The second interval marks the lowest flux level on the blue side of the H-band peak for such objects.
This index, dubbed HPI for H-peak index, is illustrated in the left and middle panel of Fig. 3 where we show literature spectra for young and old brown dwarfs in Taurus with spectral types M7 and M9.5 compared with FMOS data for two of the brown dwarfs in NGC1333. The Hband peak clearly is highly sensitive to the spectral type in this regime. We expect that this index increases from mid M to late M spectral types. The figure also demonstrates the advantages of this index at low signal-to-noise ratio.
To calibrate the HPI, we use literature spectra for 20 young brown dwarfs with spectral types M7-M9.5, for which spectra are publicly available in the SpeX Prism Spectral Libraries (Muench et al. 2007; Looper et al. 2007 ). Their spectra have been dereddened using the reddening law A λ = (λ/1.235 µm) −1.61 · A J and the relation A J = 0.3088 · A V . The optical extinction A V is derived from their J − K colours:
These relations are based on the extinction law from Cardelli et al. (1989) for R V = 4.0, which is used throughout this paper. We note that R V varies within star forming regions typically from 3 to 5; the adopted value is an average from the values measured by Cardelli et al. (1989) for diffuse and dense regions of the interstellar medium. It is also a reasonable average for our target region NGC1333 (Cernis 1990) .
For the reasons outlined in Scholz et al. (2009a) we use (J − K) 0 = 1.0. The resulting uncertainty in A V is ∼ 1 mag. For example it is possible that we overestimate A V due to the presence of K-band excess from a disk. This induces an uncertainty of up to 0.04 in the HPI. Note that the literature spectral types for the calibrators have been determined in the optical by comparison with templates (e.g. Briceño et al. 2002) . The internal accuracy of these optical types is typically ±0.25 subtypes. (Lafrenière et al. 2010 ). In the right panel, we approximate the spectral slope for two of the faintest objects with a linear fit, the full spectra are shown in Fig. 2 . The calibrators are listed in Table 3 .
In Fig. 4 we plot the HPI for the 20 calibrators. The plot shows the expected correlation between index and spectral type. The one outlier at spectral type M7 corresponds to the object MHO4 and deviates in its HPI by 3σ from a linear fit. Nothing particular can be seen in its spectrum which would explain this discrepancy. Based on the H-band peak, MHO4 appears to have a later spectral type than indicated in the literature. Excluding MHO4, we derive a correlation of SpT = −0.84 + 7.66 · HPI (2) with an 1σ scatter of 0.37 subclasses. The 1σ scatter in HPI around the correlation is 0.039. As outlined above, this can be attributed to the uncertainty in the extinction. The HPI is properly calibrated for types M7-M9.5, but may also hold for later spectral types as the H-band peak increases in strength in the L-type regime (see below). We note that this correlation does not hold for field dwarfs. As seen in the middle panel of Fig. 3 these objects have flatter H-band peaks which results in lower values for the HPI for a given spectral type.
Using this index we determined spectral types for all 26 objects in the YVLM sample, after dereddening using the corrected extinction derived in Sect. 3.3. 9 of them have published spectral types. Five of them (MBO69, MBO54, MBO77, ASR29, ASR83) are based on an index defined in the K-band (Wilking et al. 2004; Greissl et al. 2007 ). The other four have the Spitzer IDs 131, 104, 118, and 46 in Winston et al. (2009) and were classified in the optical. Excluding MBO54, ASR29, Sp 104 and Sp 118 which have a published spectral type of M6 or earlier, for which the HPI is not properly calibrated, the HPI types deviate by -0.4, -0.2, -0.2, -0.1, +0.6 subtypes from the published ones, which provides some reassurance in the usefulness of the HPI. The 10 new objects have spectral types of M6.9 or later, classifying them as likely brown dwarfs. The spectral types for the new and known sources are listed in Table 2 and 4 respectively.
In the right panel of Fig. 3 we compare FMOS data for the four latest-type SONYC objects with spectra for young ultracool objects with published spectral types: the M8 companion to HIP78530 (Lafrenière et al. 2011) , the L2 companion to the TW Hya brown dwarf 2M1207 (Patience et al. 2010) , and the L4 companion to 1RXSJ1609-2105B (Lafrenière et al. 2010 ), all three with ages of 5-10 Myr. Using the HPI, we get spectral types of M8, L2, and L3.5 for these three comparison objects, consistent with the literature values, which indicates that HPI could be useful for spectral typing of young early Ldwarfs as well. In this plot we approximate the spectral slopes for the two faintest objects in our sample with linear fits on either side of the H-band peak, to facilitate the comparison. The plot demonstrates that objects SONYC-NGC1333-1, 30, 31 are about or later than M8 and clearly earlier than L2, in line with our classification. The object SONYC-NGC1333-36 compares well with the L2 and L4 templates, which makes it the coolest object discovered in NGC1333 so far.
We note that the redward slope of the H-band peak appears anomalously steep for SONYC-NGC1333-31 and 36. This is not introduced by the linear fit or the treatment of the spectra, and it is not seen in the other FMOS spectra for NGC1333 or ρ Oph (Muzic et al., subm.), which makes a calibration problem unlikely. The effect is difficult to explain, as these two spectra are very noisy, but it could in principle be a real feature, especially since the data is well-matched by the model spectrum (see Sect. 3.3). Better quality spectra are needed to verify the parameters for these objects. Since the HPI is defined for the blueward slope of the H-band peak, this does not affect the spectral typing.
Model fitting
For the 26 objects in the YVLM sample the FMOS spectra were compared with AMES-DUSTY models (Allard et al. 2001 ) for low gravity (log g = 3.5 or, if not available, 4.0) low-mass stars 6 . Using the extinction law described in Sect. 3.2 we calculated a model grid for T eff = 1500 to 3900 K in steps of 100 K and A V = 1 to 20 mag in steps of 1 mag. The models were binned to 5Å, the same binsize as the FMOS data.
The fitting was done in a semi-interactive way. Since extinction and effective temperature cannot be determined separately with low-resolution, low signal-to-noise spectra, we started by adopting the A V determined from the J − K colour, using Equ. (1). For each of the YVLM objects, we calculated the following test quantity (O -observed flux; M -model flux; N -number of datapoints):
This was done for the series of models using the 'photometric' A V ; we selected the one with the minimum χ, which is typically between 0.005 and 0.05 (with one exception with 0.2). This means that the average deviation between observed and model spectrum in a given wavelength bin of 5Å is in the same range as the noise in the observations. Usually a few model spectra (2-4) give indistinguishable χ; we adopt the average T eff from these best fitting models. A visual inspection of the observed spectra with models for a range of temperatures shows that clear discrepancies are visible for temperatures which are > 200 K different from the adopted value, i.e. the uncertainty in the adopted values is ±200 K. We note that effective temperatures are necessarily model dependent; our values should only be interpreted in the context of the AMES-DUSTY models. The best fitting models are plotted as thin, dashed lines in Fig. 2 for the 10 newly identified objects.
In 6/10 cases this initial fit is already convincing. In two more cases, it can be improved by slightly adjusting A V by 1 mag, which is within the uncertainty for A V (see Sect. 3.2). The two remaining cases give the best fit when A V is changed by 2 mag compared with the initial estimate. In Table 2 we list the photometric and adjusted value for A V and the best fit value for the effective temperature.
For SONYC-NGC1333-36, the coolest object in our sample, we find an effective temperature of 2250 K, which is significantly higher than the published values for the two comparison objects shown in Fig. 3 (right panel). For 1RXSJ1609-2105B Lafrenière et al. (2010) find 1800 ± 200 K based on DUSTY and Drift-Phoenix (Helling et al. 2008 ) models. For 2M1207B, two independent groups determined 1600 ± 100 K, again based on comparison with DUSTY spectra (Patience et al. 2010; Mohanty et al. 2007 ), although Skemer et al. (2011) suggest that the actual value might be as low as 1000 K. The DUSTY spectra for < 2000 K are clearly not in agreement with our spectrum for SONYC-NGC1333-36. One possible explanation is that model fitting for the comparison objects has been done over the full near-infrared range, whereas in our case T eff is mostly fixed by the shape of the H-band peak. We will revisit this issue in Sect. 3.4.
In Fig. 5 we compare the derived effective temperatures with the spectral types determined with the HPI in Sect. 3.2. The expected trend -cooler temperatures correspond to later spectral types -is visible, with only three exceptions. For two of these exceptions (SONYC-NGC1333-17 and -31), the signal-tonoise ratio in the spectrum is very poor (∼ 10), i.e. the uncertainties in spectral type and temperature are large. For SONYC-NGC1333-17 there are two published spectral types of M8 and M8.7, which would move the datapoint closer to the general trend. The third out-lier (SONYC-NGC1333-33) has an unusual dip in the spectrum around 1.65 µm, which decreases our spectral type estimate by ∼ 1 subtype, but does not affect the model fitting. Excluding these three outliers, the datapoints are well-approximated by a linear trend (solid line): T eff = 4191 − 157 × SpT (where SpT corresponds to the M subtype).
The plot also shows the effective temperature scales by Mentuch et al. (2008, dashed line) and Luhman et al. (2003, dotted line) , which are derived using the optical portion of the spectrum. The two scales agree fairly well with each other, although the Mentuch et al. scale is an extrapolation and has not been directly calibrated for T eff < 3000 K. The trend seen in our data is consistent with these lines. Our datapoints are, however, mostly above the two lines, indicating that we systematically overestimate the temperatures (by ∼ 200 K) or the spectral types (by 0.5-1 subtypes).
We explored possible reasons for this discrepancy. One option is a systematic error in the extinction. Decreasing A V by 1 mag for all objects would shift their spectral types to earlier types, but only by ∼ 0.3 subtypes, not sufficient to explain the effect. Moreover, this would also increase the best estimate for T eff by typically 200 K and thus cause larger disagreement between datapoints and published effective temperature scales. The inverse is true as well -increasing A V would lead to lower T eff , as required, but also to later spectral types. Thus, systematic changes in A V do not resolve the problem. Given the good agreement between our spectral types and literature values (Sect. 3.2), we suspect that the offset is most likely due to a problem with the effective temperatures and could indicate issues with the used model spectra. A more extensive comparison of the effective temperature scales is beyond the scope of this paper.
Spectral flux distributions
To further test the spectral fitting from Sect. 3.3 we compare the full photometric spectral flux distributions (SFD) for some selected sources, as far as available, with the AMES-DUSTY model spectra. We include our own photometry in izJK as well as Spitzer/IRAC data from the C2D 'HREL' catalogue (Evans et al. 2009 ). In Fig.  6 we show 3 examples.
Object SONYC-NGC1333-5 is well-matched by a model spectrum for T eff of 2800-2900 K for A V = 4 mag, in line with the parameters derived from the FMOS spectrum (Table 4 ). This object shows colour excess redwards of 5 µm, presumably due to the presence of a disk (see Sect. 4.4). The best match for object SONYC-NGC1333-30 is obtained for T eff of 2500-2700 with A V of 9-10 mag, i.e. the object may be slightly cooler than listed in Table 2 , but still within the uncertainty. For the coolest object SONYC-NGC1333-36 a good match is found for temperatures between 1900 and 2100 K and A V of 0-2 mag. This is again somewhat cooler than the estimate given in Table 2 .
In general, when comparing with the full SFD the results are similar to the spectral fits to individual wavelength bands in the near-infrared, maybe except for the regime below 2500 K where the SFD comparison yields lower temperatures by ∼ 200 K. The comparison also illustrates that the ideal dataset for a characterisation of young brown dwarfs would be a spectrum covering the entire near-infrared domain from 1 to 8 µm, thus including five broadband features.
THE BROWN DWARF POPULATION IN NGC1333
The newly identified very low mass objects in this paper add to the substantial number in the NGC1333 region that have already been confirmed in the literature. In Table 4 we compile all previously spectroscopically confirmed objects with spectral types of M5 or later or effective temperatures of 3200 K or below, from Scholz et al. (2009a) , Wilking et al. (2004) , Greissl et al. (2007) , and Winston et al. (2009) . Whenever possible, we also remeasured the HPI spectral types for the sources identified in Scholz et al. (2009a) , based on their MOIRCS spectra. In the Table, we list coordinates, photometry, spectral types, effective temperatures, and alternative names. Adding the 10 objects discovered in this paper, the entire sample comprises 51 objects.
Not all these objects are brown dwarfs; some are very low mass stars. Based on the COND, DUSTY, and BCAH isochrones (Baraffe et al. 2003; Chabrier et al. 2000; Baraffe et al. 1998) 7 , the hydrogen burning limit at 1 Myr would be reached at effective temperatures of 2800-2900 K, which is found to correspond to an (optical) spectral type of M6-M7 (Luhman et al. 2003; Mentuch et al. 2008 ). In Table 4 we made the cut at M5 to include all borderline cases as well. Taking this into account, the number of confirmed brown dwarfs in NGC1333 is about 35 ± 5. This is currently one of the largest and best characterised populations of substellar objects in a single star forming region. In the following we will investigate the mass function, spatial distribution, and disk properties for this sample.
The number of brown dwarfs
Based on our comprehensive spectroscopy, we can put some constraints on the total number of brown dwarfs in NGC1333 and the mass limits of the current surveys. For this purpose, we use the iz survey presented in Scholz et al. (2009a) . In Fig. 7 we plot the iz colourmagnitude diagram for the 196 candidates selected in Scholz et al. (2009a) . The confirmed brown dwarfs (Tables 2 and 4), either by us or other groups, are marked with squares; all objects for which we have obtained spectroscopy with crosses. Note that the iz candidates are selected only with a cut in colour and a cut in PSF shape to rule out extended objects. No other selection criteria have been used, i.e. this sample is as unbiased as possible.
We have useful spectra for 98/196 candidates; out of these 98, 24 are confirmed by our spectra. In total the iz sample contains 35 confirmed objects with A V 12 mag. Thus, we have a yield of 24/98 (24%) and would expect to find 24 more objects among the candidates for which we do not have spectra. Since 11 of them (35 minus 24) have already been confirmed by other groups, the expected number of additional very low mass objects from this iz selection is 13.
The low-mass end of the diagram deserves additional discussion. The faintest confirmed brown dwarfs in Fig.  7 are SONYC-NGC1333-1, 30, and 36 at i = 23.4 − 23.7.
7 downloaded from http://perso.ens-lyon.fr/isabelle.baraffe/ Fig. 6 .-Photometric spectral flux distributions for three of the coolest members in NGC1333 in comparison with AMES-DUSTY model spectra. The disk excess for SONYC-NGC1333-5 is clearly visible. The SONYC-NGC1333-X identification numbers are abbreviated with S-X in all three panels. Errorbars for the fluxes are overplotted, but they are too small to be visible in some of the blue bands.
TABLE 4
Previously confirmed very low mass members in NGC1333. The IDs SONYC-NGC1333-X are abbreviated with S-X.
Other names 3 Wilking et al. (2004, MBO) , and the Spitzer survey by Gutermuth et al. (2008, Sp) Fig. 7.-Colour-magnitude diagram for the iz candidates (dots), originally identified in Scholz et al. (2009a) . Crosses are objects for which we have obtained spectra in this paper or Scholz et al. (2009a) . Confirmed very low mass objects from this paper or the literature are marked with squares. The horizontal dashed line shows the completeness limit of the survey estimated in Scholz et al. (2009a) .
Comparing their effective temperatures with the 1 Myr DUSTY and COND isochrones, it seems likely that they have masses of 0.02 M ⊙ . If our estimate of T eff = 2000 K for SONYC-NGC1333-36 is correct (Sect. 3.4), the best mass estimate would be in the range of 0.006 M ⊙ .
We have taken spectra for 7 fainter objects, but none of them is a brown dwarf, which might indicate that we have reached the 'bottom of the IMF', as preliminarily stated in Scholz et al. (2009a) . However we may not be 100% complete in this magnitude range. The formal completeness limits of the iz survey at i = 24.8 mag, determined from the peak of the histogram of the magnitudes (see Scholz et al. 2009a) , is shown with a dashed line. This limit has been derived for a field of view of 34 ′ × 27 ′ , but most of the cluster members are located in a smaller region of 10 ′ × 10 ′ which is partially affected by significant background emission from the cloud (see Fig. 1 . Thus, the completeness limit in the relevant areas might not always reach the value shown in Fig. 7 .
Thus, based on our new data we retract the previous claim by Scholz et al. (2009a) stating a deficit of objects with M < 0.02 M ⊙ in NGC1333, for two reasons: a) The updated brown dwarf census contains a few of objects with masses at or below 0.02 M ⊙ , including one with an estimated mass of 0.006 M ⊙. b) The current survey may not be complete at the lowest masses, i.e. we cannot exclude the presence of a few more objects with M < 0.02 M ⊙ .
The census for M > 0.02 M ⊙ is more robust. From the 35 confirmed members in the iz diagram we subtract 10 which are probably slightly above the substellar boundary (see discussion in Sect. 4). We also subtract the 3 which are likely below 0.02 M ⊙ and add the 13 which we are still missing. This gives a total number of ∼ 35 brown dwarfs down to 0.02 M ⊙ and with A V 12 mag.
The star vs. brown dwarf ratio
As a proxy for the shape of the mass function, previous authors have used the ratio of stars to brown dwarfs, where these two groups are defined by a range of masses. These ratios are more robust against uncertainties in the masses than a complete IMF. Andersen et al. (2008) use a range of 0.08-1.0 M ⊙ for stars and 0.03-0.08 M ⊙ for brown dwarfs, hereafter called R 1 . Other authors use 0.08-10 M ⊙ for stars and 0.02-0.08 M ⊙ for brown dwarfs, hereafter called R 2 (e.g. Briceño et al. 2002; Muench et al. 2002; Luhman et al. 2003) . Since the number of high-mass stars is small, the two ratios R 1 and R 2 should be fairly similar.
The comparison with NGC1333 is complicated by the fact that no comprehensive spectroscopic census is available for the stars. The best starting point is probably the Spitzer analysis by Gutermuth et al. (2008) . They find a total of 137 Class I and II members with disk, from which 94 are in 2MASS. Objects not detected in 2MASS are likely embedded sources with high extinction A V > 10 mag and thus not comparable with our brown dwarf sample. We calculated absolute J-band magnitudes for this sample using the dereddening described in Sect. 3.2 and assuming a distance of 300 pc, which gives a range of M J = 0 − 9 mag. Comparing with the BCAH 1 Myr isochrone (Baraffe et al. 1998 ) the sample contains 13 objects with M > 1.0 M ⊙ , 52 objects with 0.08 < M < 1.0 M ⊙ and 29 with 0.02 < M < 0.08 M ⊙ . These are only objects with disks; correcting for a disk fracton of 83% (Gutermuth et al. 2008) shifts the numbers to 16, 63, 35. The latter number is consistent with the estimate of brown dwarfs in this cluster given in Sect. 4.1. Out of 35 brown dwarfs, the number of objects with masses above 0.03 M ⊙ would be 28.
Based on these estimates the ratios for NGC1333 become R 1 = 63/28 = 2.3 ± 0.5 and R 2 = 79/35 = 2.3 ± 0.5 (see below for an explanation of the uncertainties). Our value for R 1 is somewhat larger than our first estimate given in Scholz et al. (2009a) of 1.5 ± 0.3, mainly because we use here the cutoff at 0.03 M ⊙ to be consistent with Andersen et al. (2008) .
The uncertainties for R 1 and R 2 stated above are 1σ confidence intervals and have been derived based on the prescription provided by Cameron (2011) . This prescription is given for population proportions ('success counts'). Therefore, we use the Cameron equation to calculate the confidence intervals σ k1 for the ratio of number of stars to the sum of stars and brown dwarfs (k1) and σ k2 for the ratio of number of brown dwarfs to the same sum (k2). The confidence intervals for R 1 and R 2 are then derived as follows:
In Table 5 we compare the ratios for NGC1333 with the available literature values for R 1 and R 2 for other regions. The same numbers are plotted in Fig. 8 for illustration. To have accurate and consistent confidence intervals, we re-calculated the errors for all literature values as described above. NGC1333 has the lowest ratios measured so far in any star forming region, suggesting that the number of brown dwarfs in NGC1333 is unusually high, which is in line with the conclusion in Scholz et al. (2009a) . In particular, the ratios for NGC1333 deviate by more than 2σ from those in IC348. It should be noted Table 5 . R 1 is plotted with squares, R 2 with circles. The number on the y-axis is identical with the row in Table 5 .
that the current census for IC348 (Luhman et al. 2003) is nearly complete down to 0.03 M ⊙ and covers most of the cluster, which makes the difference to NGC1333 even more striking.
This finding has to be substantiated with further survey work in diverse regions. In Table 5 we list the statistical 1σ confidence intervals, purely based on the sample sizes. These statistical errors do not take into account additional sources of uncertainty, e.g. unrecognised biases, inconsistencies in sample selection or problems with the mass estimates, i.e. the actual errors may be larger than listed in Table 5 . In particular, it is important to note that all mass estimates are necessarily model-dependent. For the value in NGC1333 we use the BCAH isochrones, mainly because they cover the brown dwarf regime down to the Deuterium burning limit. The problems and uncertainties of these type of models at very young ages are well-documented (Baraffe et al. 2002) . (Tables 2 and 4 ). Objects with spectroscopy for which we can exclude that they are substellar members are shown with dots.
The best way of assessing the overall uncertainties is to compare results from independent surveys. As can be seen in Table 5 , so far the results from independent groups agree within the statistical errorbars, with the possible exception of the ONC.
8 Such an independent confirmation is required for NGC1333 as well.
If confirmed, the unusually low ratio of stars to brown dwarfs in NGC1333 could point to regional differences in this quantity, possibly indicating environmental differences in the formation of very low mass objects. One option to explain this is turbulence, as very low mass cores which can potentially collapse to brown dwarfs could be assembled by the turbulent flow in a molecular cloud (Padoan & Nordlund 2004) . At first glance this could be a realistic possibility for NGC1333, where the cloud is strongly affected by numerous outflows (Quillen et al. 2005) , although it is not clear if the turbulence in NGC1333 is mainly driven by these outflows (Padoan et al. 2009 ). Alternatively, additional brown dwarfs could form by gravitational fragmentation of gas falling into the cluster center (Bonnell et al. 2008 ). This latter mechanism would benefit from the fact that NGC1333 has a higher stellar density and thus a stronger cluster potential than most other nearby star forming regions (Scholz et al. 2009a ).
Spatial distribution
In Fig. 9 we show the spatial distribution of the sample of very low mass objects listed in Tables 2 and 4 (squares). For comparison, the positions of the 137 Class I and Class II sources (Gutermuth et al. 2008 ) are overplotted with crosses. The dots indicate the positions of all targets for which we have obtained spectra but which are not confirmed as very low mass objects. Additionally, we show the frequency of objects as a function of distance from the cluster center in Fig. 10 , again for the same three samples, and in addition for all photometric candidates from our iz catalogue (dash-dotted line).
In the two figures, the spatial distribution of brown Gutermuth et al. (2008) (dashed line), objects for which we can exclude that they are substellar members (dotted line), and all IZ candidates (dash-dotted line). As cluster center we used the average position of the Class I/II sources.
dwarfs is strongly clustered and indistinguishable from the distribution of the total population of Class I/II sources in NGC1333. For the two samples, the average α and δ differ only by 0.4' and 0.3', respectively, which is < 10% of the cluster radius. Adopting the average position of the Class I/II sources as cluster center, the average distance from the center is similar in the two samples, 5.2' for the very low mass objects and 5.5' for the Class I/II sources. The fraction of objects with distance from the cluster center of d < 0.1, 0.1 < d < 0.2, d > 0.2 deg is 65, 35, 0% for the very low mass objects and 67, 26, 6% for the Class I/II objects. The scatter in the positions is σ α = 0.071 and σ δ = 0.069 deg for the very low mass objects, and σ α = 0.067 and σ δ = 0.085 deg for the Class I/II sources. For all these quantities there are no significant differences between the two samples.
The figures also show that our spectroscopic followup covers an area that is about 1.5-2 as large (in radius) than the cluster itself. We took spectra for 31 candidates with distances of > 0.2 deg from the cluster center, but none of them turned out to be a brown dwarf. There are still 43 candidates from the IZ photometry outside 0.2 deg (see Sect. 4.1) for which we do not have spectra, but based on our current results, it is unlikely that they contain any very low mass cluster members. Thus, our wide-field follow-up spectroscopy shows that there is no significant population of brown dwarfs at d > 0.2 deg from the cluster center, corresponding to ∼ 1 pc at a distance of 300 pc.
It has been suggested that gravitational ejection occurs at an early stage in the evolution of substellar objects, either from multiple stellar/substellar systems (Reipurth & Clarke 2001; Umbreit et al. 2005) or from a protoplanetary disk (Stamatellos & Whitworth 2009 ). This ejection is thought to remove the objects from their accretion reservoir and thus sets their masses. In these scenarios one could expect the brown dwarfs to have high spatial velocities in random directions.
An ejection velocity of 1 kms −1 would allow the object to travel 1 pc in 1 Myr, i.e. in the case of NGC1333 this would be sufficient to reach the edge of the cluster.
However, the gravitational potential of the cluster will significantly brake the motion of the brown dwarf. Assuming a total cluster mass of 500 M ⊙ (Lada et al. 1996) homogenuously distributed in a sphere with 1 pc radius, a brown dwarf that gets ejected in the cluster center with 1.5, 2, 3 kms −1 would reach a velocity of approximately 0.5, 1.4, 2.6 kms −1 at a distance of 1 pc from the center. All objects with ejection velocities of 2 kms
would have moved to distances significantly larger than 1 pc over 1 Myr. As shown above, the presence of such objects can be excluded from our data. The scenarios by Umbreit et al. (2005) and Stamatellos & Whitworth (2009) predict that a substantial fraction of ejected brown dwarfs (more than 50% in some simulations) exceed this velocity threshold of 2 kms −1 . These models would require some tuning to reproduce a spatial distribution as observed in NGC1333. However, such simplified scenarios do not take into account that dynamical interactions affect the total cluster population, not exclusively the brown dwarfs. The cluster formation simulations by Bate (2009) show that the velocity dispersion in a dense cluster is not expected to increase in the very low mass regime. Although brown dwarfs undergo ejection in the simulations, this does not lead to a velocity offset in comparison to the stars. NGC1333 seems to be consistent with this picture.
As a side comment, we note that the parameters in the main simulation in Bate (2009) with gas mass of 500 M ⊙ and cloud radius of 0.4 pc are fairly similar to the properties of NGC1333, although the simulation produces a much higher number of stars and brown dwarfs (total stellar mass of 191 M ⊙ vs. ∼ 50 M ⊙ in NGC1333).
Disks
In Fig. 11 we plot the Spitzer/IRAC colour-colour diagram for the sample listed in Tables 2 and 4 , again based on the C2D-'HREL' catalogue. Out of the sample of 51 sources with confirmed spectral type M5 or later, 41 have photometric errors < 40% in all four IRAC bands and are shown in this plot. The figure shows the typical appearance with two groups, one around the origin, the second with significant colour excess in mid-infrared bands due to the presence of circum-(sub)-stellar material. In this sample of 41 objects, 27 show evidence for a disk, i.e. 66 ± 8%. All of them have colours comparable to the Class II sources identified in Gutermuth et al. (2008) .
The derived disk fraction of 66% is only valid for the sample of 41 objects with reliable Spitzer detection. In the entire sample of 51 very low mass sources in NGC1333 listed in Tables 2 and 4 , the disk fraction is likely to be smaller, because the ten objects which are not detected by Spitzer are unlikely to have a disk. Correcting for this effect, the disk fraction in the full sample could be as low as 27/51 or 55%. Therefore, we consider the disk fraction of 66% to be an upper limit.
For comparison, for the total cluster population Gutermuth et al. (2008) derive a disk fraction of 83% from a Spitzer survey. This number has been derived for objects with K < 14 mag. This magnitude limit was chosen by Gutermuth et al. (2008) because it corresponds to M = 0.08 M ⊙ at age of 1 Myr and A V = 20 mag. Their sample thus includes mostly stars, but also some brown dwarfs (as evident from Table 4 , which contains a num- Tables 2 and 4 , using the 'HREL' photometry from the C2D survey. We only plot objects with photometric errors < 40% in all four bands (41 out of 51). The position of the Class II objects from the survey by Gutermuth et al. (2008) is indicated by the dashed box. Objects with reliable detection at 24 µm are marked with squares ber of objects from the Gutermuth et al. (2008) sample, marked with 'Sp'.) The Spitzer sample contains a substantial number of objects with A V > 10 mag, which are rare among the currently known brown dwarfs. It is possible that some of the heavily embedded brown dwarfs with A V > 10 mag have not been found yet. This could explain the discrepancy in the disk fractions.
Our disk fraction is consistent with the values derived for very low mass members in σ Ori, Chamaeleon-I, and IC348 (Luhman et al. 2008 ) although all three regions are thought to be somewhat older (2-3 Myr) than NGC1333.
A more detailed SED analysis was carried out for objects with an additional datapoint at 24 µm. 19 of the objects in Fig. 11 have MIPS fluxes at 24 µm with errors < 40%. At this wavelength the images are strongly affected by the cloud emission and blending. To make sure that the fluxes are trustworthy, we checked all objects in a 24 µm image obtained in the Spitzer program #40563 (PI: K. Wood, AOR 23712512), which is deeper than the C2D mosaics. After visual inspection, 3 objects were discarded; the remaining 16 are point sources at 24 µm and are marked with squares in Fig. 11 .
In Fig. 12 we show their SEDs after dereddening (see Sect. 3.2) and scaling to the J-band flux (crosses). For comparison, the photospheric SED from a model spectrum is overplotted with small dots. To assess the disk evolution in the substellar regime, we derive the typical SED for NGC1333 and three other star forming regions: ρ Oph (1 Myr), Taurus (2 Myr), and UpSco (5 Myr). For this purpose we selected the objects which are detected in all four IRAC bands and at 24 µm. For ρ Oph we started with the census in Muzic et al. (subm.) and made use of the C2D data. For Taurus we used published Spitzer data from Guieu et al. (2007) and Scholz et al. (2006) . For UpSco the data from Scholz et al. (2007) was used. When comparing the SEDs from different regions, one has to take into account that the depth of the 24 µm observations is not the same; thus the median SED is affected by incompleteness at low flux levels. Instead we plot the SED for the object that has the 10th highest flux level at 24 µm after converting to λF λ and scaling to the J-band flux. This represents an estimate for a typical SED unaffected by the depth of the Spitzer observations and the distance to the cluster. Note that all objects used for this exercise are spectroscopically confirmed members of the respective clusters.
For wavelengths < 8 µm the four median SEDs are fairly similar. At 8 µm the SEDs in the youngest regions (NGC1333, ρ Oph) are slightly enhanced. The biggest differences are seen at 24 µm, particularly when comparing NGC1333 with UpSco. This is mostly due to the fact that NGC1333 harbours a few objects with unusually strong excess emission, which are missing in UpSco (compare with Fig. 1 in Scholz et al. 2007) , indicating that the objects in NGC1333 are in an early evolutionary stage compared with the other regions. As demonstrated in Scholz et al. (2009b) a large spread in 24 µm fluxes, as seen in NGC1333, can easily be explained by a range of flaring angles in the disks.
CONCLUSIONS
As part of our survey program SONYC, we present a census of very low mass objects in the young cluster NGC1333 based on new follow-up spectroscopy from Subaru/FMOS. To derive reliable spectral types from our data, we define a new spectral index based on the slope of the H-band peak. We find 10 new likely brown dwarfs in this cluster, including one with a spectral type ∼L3 and two more with spectral type around or later than M9. These objects have estimated masses of 0.006 to 0.02 M ⊙ , the least massive objects identified thus far in this region. This demonstrates that the mass function in this cluster extends down to the Deuterium burning limit and beyond. By combining the findings from our SONYC survey with results published by other groups, we compile a sample of 51 objects with spectral types of M5 or later in this cluster, more than half of them found by SONYC. About 30-40 of them are likely to be substellar. The star vs. brown dwarf ratio in NGC1333 is significantly lower than in other nearby star forming regions, possibly indicating environmental differences in the formation of brown dwarfs. We show that the spatial distribution of brown dwarfs in NGC1333 closely follows the distribution of the stars in the cluster. The disk fraction in the brown dwarf sample is < 66%, lower than for the stellar members, but comparable to the brown dwarf disk fraction in 2-3 Myr old regions. The substellar members in NGC1333 show a large fraction of highly flared disks, evidence for the early evolutionary state of the cluster. 
